ABSTRACT: Eight new members of a family of mixed-metal (Mo,W) polyoxometalates (POMs) with amino acid ligands have been synthesized and investigated in the solid state and solution using multiple physical techniques. While the peripheral POM structural framework is conserved, the diff erent analogues vary in nuclearity of the central metal− oxo core, overall redox state, metal composition, and identity of the zwitterionic α-amino acid ligands. Structural investigations reveal site-selective substitution of Mo for W, with a strong preference for Mo to occupy the central metal−oxo core. This core structural unit is a closed tetrametallic loop in the blue reduced species and an open trimetallic loop in the colorless oxidized analogues. Density functional theory calculations suggest the core as the favored site of reduction and reveal that the corresponding molecular orbital is much lower in energy for a tetra-versus trimetallic core. The reduced species are diamagnetic, each with a pair of strongly antiferromagnetically coupled Mo V centers in the tetrametallic core, while in the oxidized complexes all Mo is hexavalent. Solution small-angle X-ray scattering and circular dichroism (CD) studies indicate that the hybrid POM is stable in aqueous solution on a time scale of days within defined concentration and pH ranges, with the stability enhanced by the presence of excess amino acid. The CD experiments also reveal that the amino acid ligands readily exchange with other α-amino acids, and it is possible to isolate the products of amino acid exchange, confirming retention of the POM framework. Cyclic voltammograms of the reduced species exhibit an irreversible oxidation process at relatively low potential, but an equivalent reductive process is not evident for the oxidized analogues. Despite their overall structural similarity, the oxidized and 2e-reduced hybrid POMs are not interconvertible because of the respective openversus closed-loop arrangement in the central metal−oxo cores.
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■ INTRODUCTION
For over 100 years, the qualitative and quantitative colorimetric analysis of phosphates, arsenates, and similar species has been based on the characteristic "molybdenum blue" color of some reduced polyoxometalates (POMs). 1 Underlying these applications, as well as applications in oxidation catalysis, 2 is the extensive redox chemistry displayed by many of these molecular analogues of metal oxides. 3 Their ability to reversibly accept multiple electrons also confers on POMs a capacity to act as multielectron reservoirs or transfer agents. Promise for the development of novel electronic materials or water oxidation catalysts for green energy production is thus evident for hybrid compounds that result from covalently attaching redox-active POMs to other moieties with electronic or catalytic activity. 4, 5 Polyoxometalate redox chemistry is correlated with photo-activity involving photoreduction of the POM in the presence of organic electron donors 6, 7 or by water at an interface. 8 Reduced POMs can act as chemical reductants, 9 including photoreduced POMs acting as catalysts for water reduction or the formation of precious metal nanoparticles. 10 − 13 In some cases other metal complexes are required as photosensitizers. The facility of reduction of a particular POM depends on factors including the charge to nuclearity ratio and therefore the identity and oxidation state of the heteroatoms. 14 − 17 Poly-oxomolybdates are more readily reduced than are isostructural polyoxotungstates, and the Mo atoms are preferentially reduced in mixed-metal Mo/W POMs. 18 Notable reduced POMs are the mixed-valence molybdenum blue Mo V /Mo VI "giant wheels" based on {Mo154} units, 19 − 21 which are obtained by partial reduction of Mo VI solutions at pH <3. Molybdenum blues are reduced by an even number of electrons with the reducing electrons delocalized in pairs over well-defined parts of the POM, resulting in diamagnetism. 22−26 For instance, the {Mo154} wheel has 28 Mo V centers. While the giant Mo wheels and other mixed-valence polyoxomolybdates are often airstable, the "heteropoly blue" reduced forms of polyoxotungstates are typically air-sensitive.
Tuning the redox, catalytic, and other properties of POMs can be achieved by varying the POM composition through several means, including the incorporation of other metal centers, organic ligands, or metal−ligand complexes. 27 − 34
However, characterization of the resulting species can be challenging, particularly in the case of mixed-valence, mixed-metal compounds, with the application of multiple comple-mentary physical techniques sometimes necessary, even to simply determine the compound formulation. In the case of mixed-metal species, determination of the number and structural positions of the diff erent metal centers can often be achieved through singlecrystal X-ray diff raction, complemented by elemental analysis. For mixed-valence species, the questions that arise concern first the number of reducing electrons and second the location and degree of delocalization of these electrons. Crystallography can give insights into the valence of the metal centers, as can EPR and X-ray photoelectron spectroscopy (XPS), while magnetometry can indicate the number of unpaired electrons. In solution, redox titrations, electrochemistry, and UV−visible spectroelectrochemistry are most useful for determining the exact degree of reduction. Computational chemistry has also become increasingly accurate and aff ordable in terms of computation time, and the insights provided are invaluable for elucidating the electronic structure of POMs and hybrid POMs. 14, 15 Solution speciation studies have established that POMs interconvert in solution, depending especially on pH and POM concentration. 3 Thus, before conclusions can be drawn from chemical or physical properties observed in solution, it is essential to ascertain the identity and stability of the complex in solution, which will also depend on factors such as overall ionic strength, organic solvent, and presence of other species. Multinuclear 51 V and 183 W NMR has been used extensively in this regard, especially for high-symmetry polyoxovanadates or polyoxotungstates. 35, 36 Mass spectrometry can indicate the composition of the POM in the gas phase and by implication in the solution that was injected into the spectrometer. 37 A technique for investigating the solution structure or solution stability of POMs that has become more prevalent recently is small-angle X-ray scattering (SAXS), which can give information about the size and shape of discrete POMs, assemblies of POMs, or POM-containing ion pairs or clusters in solution. 36,38−43 Polyoxometalates as small as [Nb6O19] 8− have been characterized by SAXS. 44 Also relevant to this work is the issue of chirality, as POMs can be dissymmetric and thus intrinsically chiral or chirality can be induced in nominally achiral POMs through covalent binding or electrostatic association of chiral organic moieties. 45−53 We recently communicated the first two members of a new family of mixed-metal hybrid polyoxometalates with amino acid The zwitterionic amino acid ligands of 1 and 2 bridge the metal centers via carboxylate groups, with the protonated amine groups involved in intramolecular hydrogen bonding to the POM. This framework supports an inner oxo-bridged tetrametallic {M4} "core" (M = Mo, W, Y), and density functional theory (DFT) calculations revealed that the first two reducing electrons are always delocalized on this {M4} core and are strongly antiferromagnetically coupled. The resulting diamagnetism was confirmed by magnetic susceptibility and EPR measurements. The diamagnetic compound 2 is thus comprised of an equal mixture of fully oxidized and 2e-reduced POMs. The structural versatility that is evident from 1 and 2 includes (i) preferential metal substitution of Mo for W in the {M4} core, (ii) site-selective reduction of the {M4} core, (iii) the ability to access chiral analogues using chiral amino acid ligands, and (iv) the accessibility of diff erent crystal-packing motifs and solubility properties through varying the ligand− cation combination. Although 1 is essentially insoluble, SAXS, electrospray ionization mass spectrometry (ESI-MS), electronic absorption and CD spectroscopy, and electrochemical studies of 2 established structural retention of the POM backbone in DMSO and/or Nle buff er (pH 2.2) on a time scale of at least 1 day, although the presence or absence of amino acid ligand exchange was not determined conclusively. Compound 2 was obtained following photoreduction by UV light and is essentially an equal mixture of oxidized and 2e-reduced analogues. To fully elucidate the properties of this family of hybrid POMs, our aims with the present work were 3-fold: (i) to obtain a fully 2e reduced {Mo V 2}-containing analogue of 2, rather than a mixture of complexes with diff erent degrees of reduction, (ii) to achieve complete Mo substitution of the four metal sites in the central tetrametallic core, and (iii) to elucidate the nature of amino acid ligand exchange in solution.
■ EXPERIMENTAL SECTION
Synthesis. All manipulations were performed under aerobic conditions, using materials as received. The precursor K14[As2W19O67(H2O)] was prepared as described previously. X-ray Data Collection and Structure Solution. The crystallo-graphic data (Table S1 in the Supporting Information) for compounds 3w, 4aw, 4bw, 4cw, 7aw, and 7bw ( Figure S1 in the Supporting Information) were collected on an Agilent Technologies SuperNova Dual Wavelength single crystal X-ray diff ractometer using Cu Kα radiation (λ = 1.5418 Å, mirror monochromated) at 130(2) K. The structures were solved by direct methods (SHELXT) and refined through full-matrix least-squares techniques on F 2 using SHELXL and OLEX2 crystallographic software packages. 60−62 All tungsten, molybdenum, yttrium, and arsenic atoms were refined with anisotropic displacement parameters; all other atoms could only be refined isotopically. The determination of the mixed-metal composition of the polyanions ( Figure S2 in the Supporting Information) of 3w, 4aw, 4bw, 4cw, 7aw, and 7bw is described in detail below.
3w. The nominally {M4} "core" atoms ( Figure S2 in the Supporting Information), assigned as Mo, showed anomalously high displacement parameters, suggesting partial occupancy. On refinement, the occupancy factor converged to 0.75, indicating that only three of the four core sites were occupied, the vacant site being equally distributed over four positions, due to the 4-fold symmetry. The occupancy factor was fixed at 0.75 during the rest of the refinement. Some of the metal atoms associated with the {Y4M8L8} "ring" and the {AsM9} lacunary Keggin "triad" (Figure S2 ), originally assigned as W, also showed anomalously high displacement parameters and partial occupancy on refinement. The chemical analysis indicated 5.5 Mo atoms for each POM, suggesting an excess of Mo (2.5 Mo atoms per POM) over that expected for just the "core" Mo atoms. Accordingly the metal atoms in the moiety associated with the {Y4M8L8} "ring" and those metal atoms in the {AsM9} lacunary Keggin "triad" were interpreted as being a mixture of W and Mo. None of the W atoms in the {AsM9} lacunary Keggin "belt" ( Figure S2 ) showed significant deviation from full occupancy, and accordingly all were assigned as fully occupied W atoms during the rest of the refinement. The refinement converged with 5.9 Mo per POM (3 Mo in the core, and 2.9 distributed over the rest of the POM replacing W).
4aw. The "core" atom, originally assigned as Mo, showed anomalously small displacement parameters, and on refinement as Mo, the occupancy factor became greater than 1, suggesting that the site was a mixture of Mo and W (0.68:0.32 = 2.7:1.3). As the analysis showed 4.5 Mo per POM, the possibility that the core was composed of only partially occupied W atoms could be discounted, as this would mean that all of the Mo would have to be distributed over the rest of the POM, rather than just 1.8 Mo per POM. As for 3w, above, all metal atoms associated with the {Y4M8L8} "ring" and the {AsM9} lacunary Keggin "triad" showed partial occupancy, when refined as W, and accordingly refinement was continued with these sites being a mixture of W and Mo. Again, none of the W atoms in the {AsM9} lacunary Keggin "belt" showed significant partial occupancy, and accordingly, all were assigned full occupancy during the rest of the refinement.
4bw, 4cw, 7aw, and 7bw. The refinement of all four structures followed the same procedure for 4aw, giving similar results, except that for 7aw and 7bw there seemed to be no significant substitution of Mo for W in the metal sites of the {AsM9} lacunary Keggin "triad"; accordingly, these metal atom sites were assigned to be fully occupied W. For 7aw, the OLEX2 "Solvent Mask" procedure was used to remove the contributions of the disordered solvent.
For all six structures, the refinement was carried out with the atoms of the mixed Mo/W sites being constrained to the same position, with the same displacement parameters and with the sum of the occupancy factors at each site being 1. The results from the structural analyses are consistent with the chemical analyses, given that there would be expected to be diff erences between the composition of a single crystal in comparison to the composition of a bulk sample. The positional disorder of the aliphatic chains of the Nle ligands in 3w, 4aw, 4bw, and 4cw was modeled by restraining the components of the molecules to geometrical estimates. The composition of solvent voids was performed using the Platon software package, 63 on the basis of the chemical analyses of all compounds.
Electrochemistry. Cyclic and steady state rotating disk electrode (RDE) voltammetric experiments were carried out in DMSO with Bu4NPF6 (0.05 M) as the supporting electrolyte or in aqueous 0.2 M Gly buff er at pH 2.2. A standard three-electrode cell configuration was employed using a 3 mm diameter glassy-carbon (or glassy-carbon RDE) working electrode and a Pt-wire auxiliary electrode. A Ag/AgCl (3 M NaCl) reference electrode was used in aqueous solutions, while an Ag wire quasi-reference electrode separated from the analyte solution by a sintered-glass frit filled with the electrolyte solution was used in DMSO solution. The potential of the Ag quasi-reference electrode was calibrated against the ferrocene/ferrocenium (Fc 0/+ ) couple, and all potentials are reported with respect to this reference scale. Controlled-potential electrolysis was performed in a two-compartment cell equipped with a large-area glassy-carbon plate as the working electrode, a platinum mesh as counter electrode, and the same reference electrode as used in voltammetric experiments. Freshly prepared solutions were used for all electrochemical measurements. Small-Angle X-ray Scattering (SAXS). Data were collected on a Bruker MicroCalix instrument, using Cu Kα radiation at a wavelength of 1.54 Å. The instrument was run in high flux mode, with the X-ray microsource running at 50 W. Scattered X-rays were detected using a Pilatus 100k detector. Solutions of known concentration were measured in 0.5 or 1.5 mm diameter quartz X-ray capillaries with 10 μm wall thickness (Hilgenberg, Germany). Scattering and transmission measurements were made for each of the samples, as well as for a sample containing only the blank solution. Scattering patterns were collected for 180 min and transmission measurements for 5 s. Initial data processing (normalization, primary beam masking, and background subtraction) was carried out in fit-2D. No smoothing was used, and the data quality was not significantly aff ected by normalization. Scattering curves were recorded in the range 0.06−0.6 Å − 1 . A low q (0.06−0.17 Å − 1 ) Guinier analysis was carried out using ATSAS 2.7.0, yielding an independent measure of the radius of gyration (Rg) and forward scattering (I0). For comparison to the solution experimental data, the SolX computer program was used to calculate theoretical scattering patterns and Rg values using single-crystal X-ray diff raction data as input. 64, 65 Pair distance distribution functions (PDDFs) were obtained from fits to the I(q) data using the inverse Fourier transform (FT) method of Moore 66 as implemented in the Irena software package for Igor Pro.
Other Measurements. Infrared spectra (KBr disk) were recorded on a Bruker Tensor 27 FTIR spectrometer. X-ray photoelectron (XPS) spectra were recorded on a Thermo Scientific K-Alpha Photoelectron Spectrometer system with a monochromated, micro-focused Al Kα Xray source. Calibration of all spectra was attained by reference to the carbon 1s signal with a binding energy of 285.0 eV. A small degree of X-ray-induced photoreduction was observed during data acquisition, with the Mo V /Mo VI ratio gradually increasing over many scans for all compounds, especially the oxidized species 3 and 6. All elemental analyses were performed at the Campbell Micro-analytical Laboratory, University of Otago; the CHN analyses employed a Carlo Erba EA 1108 Elemental Analyzer, while ICP-MS analyses for As, K, Mo, and Y employed an Agilent Technologies 7500ce quadrupole ICP-MS instrument. Electronic absorption was measured on an Agilent Technology Cary60 UV−visible spectrometer, and reflectance spectra were measured on a Thermo Scientific-Evolution 220 UV−visible spectrometer. Circular dichroism (CD) spectra were measured on an Aviv Model 410SF spectrometer, and spectra were obtained by averaging eight spectra with a scanning speed of 30 nm min − 1 . 1 H NMR spectra were acquired on a Varian MR400 400 MHz spectrometer and referenced to residual HDO. 13 C{ 1 H} and 1 H− 13 C NMR spectra were acquired on a Bruker Avance-II-800 MHz spectrometer and referenced to MeOH.
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Computational Details. Density functional theory (DFT) calculations were carried out on structures based on the title compounds. The computed structures include the full inorganic part of the polyanions, whereas the amino acid ligands are replaced by formate groups. This simplification considerably reduces the computational time without aff ecting the quality of the results of interest or the conclusions provided by the quantum chemical analysis. We used the ADF2013.01 suite of programs 68 to get optimized geometries and molecular energies applying the BP86 functional and to draw 3D representations of the molecular orbitals. 69 The valence electrons of all atoms were described by triple-ζ + polarization (TZP) Slater-type basis sets, with a total of ∼7000 Cartesian basis functions per molecule. Internal or core electrons (C, O, 1s; As, 1s−3d; Mo, 1s−4p; W, 1s−4f; Y, 1s−4p) were kept frozen, each described by a single Slater function (1870 in total) with core potentials generated using the DIRAC program. , given that hydrazinium is formally a 4e reductant and assuming complete conversion of the POM precursor to the hybrid POM product. However, multiple equilibria appear to be involved in the formation of the hybrid POM in solution, and we found that the use of stoichiometric molybdate in fact aff ords products with more than four Mo centers per POM (see later) and that, for a given amount of molybdate, variation of the amount of hydrazinium controls the extent of incorporation of Mo. Ultimately we settled on 1. analogue. The use of more hydrazinium in attempts to access a further reduced species aff ords a green-blue solution from which crystals could not be obtained. Synthesis of the racemic DL-norleucine-containing analogue 5 was performed using the same amounts of molybdate and hydrazinium as 4b, aff ording crystals of a morphology diff erent from that of 4b, which were unsuitable for single-crystal X-ray diff raction. The infrared and electronic absorption spectra of 5 (see later) suggest that it is overall less reduced than 4b; coulometric oxidation (see later) gives a value of approximately 1.3(2) electrons per POM, and 1 H NMR indicates that the sample is diamagnetic.
These data are interpreted as a sample comprised of a mixture of two hybrid polyanions with diff erent redox states: the fully oxidized homovalent M VI (M = Mo, W) species and the 2e-reduced {Mo V 2}-containing analogue. For simplicity, 5 is formulated as comprised of an equal mixture of oxidized and 2e-reduced hybrid POMs.
The synthesis of the reduced glycine-containing analogue 7a essentially parallels that of the norleucine-containing analogues, although a higher concentration of glycine is required, as the use of a lower concentration of glycine instead gives rise to an analogue of a previously reported diff erent compound. 58 The amount of hydrazinium again aff ects the extent of Mo substitution, with 7a obtained from the same ratio of molybdate to hydrazinium to K14[As2W19O67(H2O)] as employed for 4b. In the case of 7a, recrystallization of the crude product is required to generate crystals suitable for single-crystal X-ray diff raction, aff ording a mixture of rectangular and square platelike crystals. Samples of 7a for all studies reported herein were similarly recrystallized. The degree of reduction of 7a was determined by coulometry as approximately 0.7(2) electron per POM and is consistent with the extinction coefficients determined from electronic absorption spectroscopy (see later). Compound 7a is also diamagnetic and is thus formulated as a 3:1 mixture of oxidized and 2e-reduced hybrid POMs. Circular dichrosim experiments (see later) suggested the possibility of exchanging glycine and norleucine ligands, and subsequently Gly-containing 7b was obtained in good yield by recrystallizing Nle-containing 4b from 1 M glycine. Compound 7b is significantly darker in color than 7a, indicating that it has a higher proportion of the 2e-reduced POM. The degree of reduction of 7b was determined by coulometry as approx-imately 1.5(2) electrons per POM and is consistent with the extinction coefficients determined from electronic absorption spectroscopy (see later). The lesser degree of reduction found for 7b than for the parent 4b suggests that partial oxidation has accompanied the recrystallization step.
1 H NMR spectroscopy of 7b confirms complete exchange of the norleucine ligands for glycine. Compound 7b is thus formulated as a 1:3 mixture of oxidized and 2e-reduced hybrid POMs. The possibility of isolating samples comprised of only the oxidized Mo VI -containing hybrid POM became apparent during the explorations of the synthesis if the reduced analogues. Both Nle-and Gly-containing analogues 3 and 6 were synthesized without addition of a reductant, with the early addition of pMeBzNH3 + cations key in the case of 3. In both cases, the reaction and, in the case of 6, recrystallization solutions were covered by aluminum foil and kept in the dark to avoid photoreduction, although the top of the flask was not sealed to allow a certain degree of evaporation. Solutions of both 3 and 6 are susceptible to photoreduction by ambient light, although 6 photoreduces significantly more rapidly than 3. The crystals ( Figure S1 in the Supporting Information) of 2, 3, and 4a−c all exhibit a tetrahedral morphology, while 6 and 7a,b are comprised of a mixture of square and rectangular platelike crystals. However, while the reduced species 2, 4, 5, and 7b are deep blue in color and 7a is medium blue, the crystals of oxidized 3 and 6 exhibit a very faint blue tint, which is likely due to a small degree of photoreduction on the crystal surface. Solid State Studies. Composition Determination and General Comments. Bulk samples of the compounds are crystalline and homogeneous to the eye, and all were characterized by elemental analysis and IR and XPS spectroscopy. A single crystal type was evident in all of the Nlecontaining compunds, while two crystal types were present in the Gly-containing compounds 6 and 7a,b, only one of which was amenable to characterization by single-crystal X-ray diff raction. Wherever possible, single-crystal diff raction data were collected for multiple crystals from diff erent batches to test reproducibility from batch to batch and also homogeneity within a batch. The single-crystal data were generally in agreement with the bulk analytical data, with crystal to crystal variations of less than 10% in the site-specific Mo/W occupancy values (see later). Metal analyses indicated 5.5, 4.5, 5, 5.5, and 3
Mo centers per hybrid POM for norleucine-containing 3, 4a−c, and 5, respectively (Table S2) . Glycine-containing 6 and 7a,b analyzed for 3.5, 4, and 4.5 Mo centers per molecule. The single-crystal data reported herein are for individual crystals of 3w, 4aw−cw, and 7aw,bw with respectively 5.9, 4.6, 5, 5.5, 4.6, and 4.8 Mo atoms per hybrid POM (Table S2 in the Supporting Information). The formulations given for all compounds reflect the average composition of the bulk samples on the basis of the elemental analysis and 1 H NMR spectra, combined with the degree of reduction determined from electrochemical and spectroscopic data (see later). As reported previously, magnetic susceptibility and EPR measurements performed on solid samples of the reduced compounds indicate that they are diamagnetic, consistent with the solution 1 H NMR spectroscopy.
Structural Analysis. Single-crystal X-ray diff raction data (Table S1 in the Supporting Information) indicate that Nlecontaining compounds 3w and 4aw−cw are isomorphous with the previously reported compound 2, crystallizing in the enantiomorphic cubic space group F432. The rectangular platelike crystals of the Gly-containing compounds 6 and 7aw,bw are isomorphous and crystallize in the monoclinic space group P21/n; although a high-quality data set could be obtained for these crystals of 7, this was not possible for 6. The square platelike crystals of 6 and 7aw,bw were very poorly diff racting, although in all three cases they appear to be isomorphous and belong to the triclinic space group P1̅ with similar unit cells (a = 16.800 (3) Figure S3 ). An intriguing diff erence is that while compounds 2, 4aw−cw, and 7aw,bw exhibit the expected {M4} core (M = disordered Mo and W), the oxidized homovalent M VI (M = Mo, W) analogue 3w possesses a monovacant {Mo3} core (Figure 2) , with 75% Mo occupancy for each of the four sites and no tungsten. This diff erence in the central core is despite the isomorphous structures of 2, 3, and 4aw−cw. Although a high-quality X-ray data set could not be obtained for 6, it is formulated herein with a trimetallic core by analogy with the other fully oxidized species, 3, and this formulation is supported by the similarity of the IR spectra of the two compounds (see later) in comparison to the spectra of the reduced analogues, as well as DFT calculations (see later). However, this formulation requires better crystallographic data to be definitive. Close inspection of the single-crystal X-ray diff raction data of all analogues reveals disorder of Mo/W in many of the metal positions, with the site occupancies summarized in Table S2 in or {M3} core > {Y4M8L8} "ring" > {AsM9} "triad" > {AsM9} "belt" ( Figure S2 in the Supporting Information). A significant preference for the inner {M4} or {M3} core is evident with between 68 and 88% Mo occupancy. In no case is any Mo evident in the "belt" positions of the {AsM9} units. These occupancies can be interpreted in terms of the likely disassembly/reassembly from the [As2W19O67 (H2O)] 14− precursor, with the smallest extent of Mo for W exchange during complex formation occurring in the trilacunary α-Keggin {AsW9} fragments that are present in the POM precursor.
Bond valence sum (BVS) calculations are challenging for species with mixed-metal site occupancies, 71 Comparison of the diff raction data for compounds 3w, 4aw− cw and 7aw,bw provides insight into the eff ects on the POM molecular structure of (i) diff erent degrees of reduction, (ii) triversus tetrametallic core, and (iii) norleucine versus glycine ligands. In all compounds the outer framework comprised of four trilacunary α-Keggin {AsM9} moieties linked by the cyclic {Y4M8L8} fragment is conserved, with little structural variation and essentially no dependence on the nature of the amino acid ligand, the nuclearity of the inner core, or the variation in Mo/ W occupancies. The more flexible part of the structure is the central core, and it is intriguing that while a tetrametallic core is obtained for all reduced species, in the absence of reduction a trimetallic {Mo3} core is obtained in the case of Nle-containing 3w and a highly distorted {W3Y} is evident for previously reported fully oxidized Gly-containing 1. It is curious that a homotetrametallic {Mo4} or {W4} compound is yet to be definitively characterized for any analogue of this structural family. This may reflect the specific size and binding characteristics of this structural pocket and subtle diff erences in ionic radii between M VI and M V (M = Mo, W). The most notable structural diff erences between the trimetallic fully oxidized core of 3w and the tetrametallic reduced cores of 4aw−cw are the shorter M···M separations and more acute M− O−M angles for 3w (Table S2 in the Supporting  Information) , reflecting an overall smaller central core in this compound.
As was observed previously for 1 and 2, the Nle-and Glycontaining analogues diff er in the arrangement of the amino acid ligands ( Figure S4 in the Supporting Information). For isomorphs 2, 3w, and 4aw−cw the four Nle ligands that bridge W centers rotate in the opposite sense to the four that bridge Y centers. In contrast, for 1 and 7aw,bw all eight Gly ligands are oriented in the same direction. This is despite the fact that compounds 1 and 7aw/7bw exhibit diff erent crystal packing, with 1 incorporating p-MeBzNH3 + ligands that are absent in 7aw/7bw. The arrangement of the ligands in the Nlecontaining compounds likely reflects both the necessity of accommodating relatively hydrophobic n-butyl chains and the diff erent crystal packing. The isomorphous Nle-containing compounds 2, 3w, and 4aw−cw crystallize in the chiral space group F432, with each crystal comprised of one enantiomeric form of the polyanion. The polyanions pack such that they occupy the six faces of approximately cubic-shaped cavities, which are lined by the nbutyl chains of Nle ligands ( Figure S5 in the Supporting Information). The diff ering "top" and "bottom" faces of the disklike polyanions give rise to two types of these cavities. The contents of both of these cavities, as well as the channels that run in all three directions, are crystallographically disordered. Approximate void calculations using the Platon software package 63 result in total void volumes consistent with the accommodation of the cations, free amino acid, and water molecules of hydration given in the formulations of 3w and 4aw−cw. The closest intermolecular W···W separation in Nle-containing compounds is 6.1 Å. In contrast to the Nlebased analogues, the polyanions in the Gly-containing compound 7aw,7bw pack in off set alternating double layers ( Figure S6 in the Supporting Information). The closest intermolecular W···W separation is 5.9 Å, and there are no intermolecular hydrogen-bonding interactions between polyanions. Again the cations, free glycine, and hydrate molecules are disordered and the calculated total void volume is consistent with the formulations given for 7aw,bw.
Infrared Spectroscopy. Infrared spectra were acquired for compounds 3, 4a−c, 5, 6, and 7a,b as pressed KBr disks. All spectra exhibit bands consistent with the presence of the amino acid ligands and organic cations ( Figure S7 in the Supporting Information). Comparison of the fingerprint region below 1100 cm − 1 is informative ( Figure S8 in the Supporting Information), as this region is dominated by the intense bands of the POM backbone. The spectra for oxidized compounds 3 and 6 are very similar, with five broad bands in the region 550−1000 cm − 1 . Four of these bands between 650 and 1000 cm − 1 strongly resemble the spectrum of the K14[As2W19O67(H2O)] precursor and are assigned as follows: the band at ∼950 cm − 1 is attributed to the terminal M O (M = Mo, W) stretch, the broad band at 860 cm − 1 with a shoulder at 900 cm − 1 is due to the corner-sharing M−O−M stretches, and the two bands at 720 and 800 cm − 1 are due to edgesharing M−O−M stretches, possibly overlapping with the As−O−M stretches. 74 The strong similarity between the spectra of 3 and 6 supports the proposition that the trimetallic core that is crystallographically observed for 3 is likely also present in 6. Upon reduction, spectral changes are evident for analogues 4, 5, and 7 with a tetrametallic core. Between 820 and 1000 cm − 1 the spectra resemble those of the oxidized species, with the addition of a shoulder at around 970 cm − 1 . Below 820 cm − 1 , the three bands evident for 3 and 6 appear to be split, broadened, and shifted for the reduced analogues 4, 5, and 7. Shifting of M−O−M stretching bands and spectral broadening upon reduction have been observed previously for several POMs, with the extent of broadening dependent on the degree and site of localization/ delocalization of the reducing electrons. 75 − 79 The subtle diff erence among the spectra for 4a−c presumably arise from the small diff erences in Mo content. It is notable that the spectrum of 5 appears intermediate between those of oxidized 3 and 2e-reduced 4, consistent with a mixture of the two oxidation states. The spectra of 7a,b both appear to combine some of the features of 3 and 6 with the increased spectral complexity in the 550−700 cm − 1 range that is evident for 4 and 5. The spectra are qualitatively consistent with 7a,b both being comprised of a mixture of oxidized and 2e-reduced hybrid POMs, with a higher proportion of oxidized POM in 7a than in 7b.
X-ray Photoelectron Spectroscopy (XPS). X-ray photoelectron spectra were measured for representative oxidized compounds 3 and 6 and reduced compounds 4b and 7a. The W 4f and Mo 3d spectra are available in Figure S9 in the Supporting Information, and the binding energies from spectral deconvolution are given in Table S3 oxidized compounds 3 and 6. The tungsten and molybdenum XPS spectra definitively confirm that reduction takes place site selectively at molybdenum rather than tungsten centers.
Solution Studies. Determination of Solution Structure and Stability. Determination of the degree (and site) of reduction of the reduced hybrid POMs in this study is essential to establish their chemical formulas. Measuring the degree of reduction is best achieved by coulometry; however, for the results of electrochemical studies to be meaningful, it is first necessary to establish the stability of the hybrid POM in solution. In the present study, multiple physical techniques were employed for this purpose. In the first instance, electronic absorption spectroscopy of the reduced compounds provides a simple probe for monitoring changes in the degree of reduction over time. Small angle X-ray scattering allows establishment of the size and shape of the metal−oxo POM framework. Circular dichroism and 1 H NMR spectroscopy provide information on the amino acid ligands of the hybrid POMs.
The solubility properties of the diff erent analogues depend on the amino acid, degree of reduction, and overall charge. In our initial exploration of solution properties we opted to redissolve the compounds in aqueous solution at pH 2.2−2.4, which is the pH at which the compounds crystallize. In all cases, dissolution of the hybrid POMs is much more facile in the presence of an excess of the amino acid ligand. Thus, the solution studies discussed below have employed a buff er of the corresponding amino acid, in addition to water acidified with HCl. As DMSO proved to be the solvent of choice for voltammetric characterization of the reduced Nle-containing compounds (see later), we also measured solution properties in DMSO for the Nle analogues only, as the Gly analogues are insoluble. Instability of the reduced POMs in solution is readily apparent from rapid loss of the blue color, which occurs when the pH of the solution is taken outside the range of around 1.5−4.0. Solutions within this pH range with a POM concentration of greater than 0.2 mM appear to be stable on the order of days, although decomposition and/or further aggregation is apparent after 1 week in most cases (see later).
Electronic Absorption Spectroscopy. To investigate solution stability in the presence and absence of excess amino acid, electronic absorption spectra in the visible range (Figure 3 and Figures S10−S12 and Table S4 in the Supporting Information) were measured for the blue {Mo The electronic absorption spectra for 4a−c, 5, and 7a,b in buff ered and unbuff ered aqueous solution and in DMSO all exhibit the strong oxo to metal LMCT bands typical of POMs in the UV region. The visible region in all spectra is dominated by at least two overlapping broad bands between 600 and 900 nm, consistent with the blue coloration, in addition to much weaker bands between 400 and 500 nm. The bands between 600 and 900 nm can be assigned to Mo . Notably for all compounds, spectra measured in aqueous solution without excess amino acid are less intense than those obtained in either buff er or DMSO ( Figure S7 ). The origin of this diff erence in extinction coefficients is not clear, but the observation points to a decreased stability in the absence of excess amino acid, which is more pronounced for the norleucine analogues than for the glycine species. For the norleucine compounds, the spectra for 5 are all indicative of a lower overall degree of reduction than for 4a−c, which is consistent with results from electrochemical studies (see later). It is interesting to compare the spectra measured for 4a−c, which although of similar degree of reduction vary in the relative amounts of Mo and W. In buff er, DMSO, and water the spectra of compounds 4a−c possess two distinct band maxima at ca. 850 and 700 nm, which can be tentatively assigned In all solvents, the relative intensities of these two bands are closer for 4a, while for 4b,c, the lower energy band is more intense, which might reflect the increase in Mo content from 4a to 4b and 4c. Regardless of the media, the relative intensities of the spectra measured for the diff erent compounds (4b,c > 7b > 5 > 7a) are consistent with the overall decrease in the degree of reduction determined by coulometry (see later), which corresponds to the proportion of 2e-reduced {Mo V 2}-containing versus homovalent M VI (M = Mo, W) POM in each compound.
Changes in the absorption spectra over time were investigated for all solutions and found to be strongly dependent on the POM concentration ( Figure S12 in the Supporting Information). It was found that, as long as the POM concentration is greater than about 0.15 mM and the pH is in the 2.2−2.4 range, the spectra exhibit little change in aqueous buff er solution and in DMSO on a time scale of hours, which is sufficient for the CD, SAXS, and electrochemical measurements discussed below. More dilute solutions appear to undergo either oxidation or decomposition of the polyanion.
Small-Angle X-ray Scattering (SAXS). Representative oxidized and reduced Nle and Gly analogues 3, 4b, and 7a were investigated in solution by SAXS to probe the stability of the hybrid POM under diff erent conditions, as well as the sensitivity of the technique to the presence of the aliphatic nbutyl chain on the amino acid ligands. The eff ect of varying both the POM (0.2−1. (Table  S5) , indicating the general stability of the hybrid POM of 4b under these defined conditions. However, the SAXS technique is apparently insensitive to the length of the aliphatic chain on the amino acid ligand, with no significant diff erence between the scattering plots and Rg values measured for 4b and 7. This is most likely due to minimal electron density contrast between the organic ligands and the solvent.
To complement the Guinier plots, which provide a shapeindependent measure of the average size, the radial pair distance distribution functions (PDDFs) were determined for all solutions to provide information about the shape of the hybrid POM (Figures S14 and S15 in the Supporting Information). The PDDF is the probability, P(r), that a component of the particle is at a distance, r, from the edge of the particle (r = 0). These were calculated using Moore's method 66 and compared with PDDF curves calculated from the single-crystal X-ray diff raction data. In general, reasonable agreement is evident between the measured SAXS data and the plots calculated from the solid-state structure for the aqueous solutions of 3, 4b, and 7a. Notably, the point at which P(r) goes to zero is in the range 27−33 Å and is consistent with the crystallographically determined diameters of the hybrid POMs. The curves all exhibit two maxima and in most cases a minor feature at large r, clearly indicating that the hybrid POMs are not spherical. The profile is consistent with the overall shape of the molecules, which all have a low-density region in the central core, corresponding to the minimum between the two main peaks i.e. the probability of finding an atom in the center of the hybrid POM is lower than that elsewhere. There are subtle diff erences in the relative heights of the maxima between the SAXS and crystal data. This could be related to particle flexibility in solution in comparison to that in the crystal, as well as the variation in electron density contrast between the solvent and regions of the POM structures under diff erent solution conditions. The Rg values obtained from the PDDF plots (Table S5 in the Supporting Information) are in excellent agreement with the values from the Guinier plots.
Compounds 3 and 4b were also measured in DMSO ( Figure  S15 in the Supporting Information), as this was the solvent of choice for electrochemistry (see later). Although the scattering intensity is markedly less than in aqueous solution due to the strong X-ray absorption of DMSO, the scattering plot and PDDF measured for 4b are in reasonable agreement with the calculated curves. While the poor signal to noise at high q impaired the accuracy of the PDDF fitting procedure, the Guinier fit was unaff ected, and the Rg values obtained are consistent with the values obtained in aqueous media (Table S5 in the Supporting Information). This suggests that the hybrid POM of 4b is stable in DMSO on the time scale of the SAXS measurement. By comparison, the scattering curve measured for 3 is in poor agreement with the calculated curve, and the value of Rg determined for 3 in DMSO is significantly smaller than those obtained in aqueous solutions or from simulation. Thus, the oxidized hybrid POM of 3 appears to be unstable in DMSO on the time scale of the SAXS measurement.
On a longer time scale, measurements of 3 and 4b in buff ered and unbuff ered aqueous media 1 week after dissolution reveal changes in the Rg values in all cases. Interestingly, while the Rg values decrease in the absence of norleucine buff er, they increase in the presence of buff er, by 10−20%. The change evident for 3 is greater than for 4b in both cases. These changes on the longer time scale of a week point to decomposition in the absence of excess Nle but aggregation in the presence of excess norleucine. The latter case perhaps corresponds to the formation of the well-known POM "blackberries" or "vesicles".
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Circular Dichrosim (CD) Spectroscopy. Small-angle X-ray scattering established the maintenance of the metal−oxo POM framework in buff ered solution for the reduced Gly and Nle analogues but provides no information on whether the amino acid ligands remain coordinated. The presence of electronic transitions in the visible region, and the accessibility of enantiomeric and racemic versions of the reduced Nle analogues, prompted the use of CD spectroscopy to investigate solution chirality and ligand exchange for some of the (blue) reduced analogues of the present hybrid POMs. A similar CD-based approach allowed the elucidation of the kinetics of ligand exchange of enantiopure thiolate ligands with gold nano-particles. 88 and no Cotton eff ects are apparent in racemic DL-Nle buff er solution. However, upon dissolution of 5 in L-Nle buff er, the spectrum strongly resembles that of 4b in the same solution, again suggesting exchange of the racemic Nle ligands for enantiopure L-Nle ligands. Glycine-containing 7a is achiral in the solid state and in glycine buff er. However, the CD spectrum upon dissolution in L-Nle buff er also resembles that of 4b, indicating that the Gly ligands have been exchanged for L-Nle from the buff er. This amino acid exchange suggested by CD data has been confirmed by the synthesis of 7b following recrystallization of 4b from glycine buff er.
The measured CD spectra are all consistent with maintenance of coordinated amino acid ligands for the hybrid POMs in buff ered and unbuff ered aqueous media in the presence or absence of free amino acid and in DMSO. The data also suggest the exchange of amino acid ligands on the hybrid POMs with other amino acid ligands from buff er but minimal exchange for water or DMSO ligands. The Cotton eff ects are associated with the UV absorption bands of the oxo to metal LMCT bands and with the visible absorption bands assigned as ; AA = L-lysine or L-alanine) family, in which addition of free amino acid did not aff ord a separate set of for the amino acid protons. 50 This was attributed to either rapid ligand exchange or an insignificant chemical shift diff erence due to the minimum of four bonds separating the metal centers and amino acid protons. In order to probe the possibility of chemical exchange between free and bound Nle, variable-temperature spectra were measured for 3 in the temperature range 25−70 °C ( Figure S19 in the Supporting Information). All of the peaks due to the p- contrast, the peaks associated with the Nle protons broaden upon heating and the extent of broadening appears to inversely correlate with the number of bonds from the Nle carboxylate group, with the peak due to the methine protons (δ 3.85 ppm at 25 °C) broadening most significantly. This may be ascribed to the eff ect of segmental motion along the carboxylate-tethered aliphatic n-butyl side chain of the Nle ligands and the temperature-induced increased rate of tumbling of the macromolecular hybrid POM. 93 Variable-temperature 1 H NMR spectra measured for 4b were similar to those measured for 3; notably, the additional lower intensity broad set of resonances associated with the Nle/NleH + protons shifts as per the higher intensity, sharper set, but they do not broaden and the two sets did not coalesce ( Figure S20 in the Supporting Information). Figure S24 ). These are most obvious for the α-C(H) and β-C(H2) groups, which exhibit three and four clear sets of cross peaks, respectively. In addition to three distinct types of bound Nle ligands (two bidentate and one monodentate; Figure S3 in the Supporting Information), free NleH + countercations as well as free Nle zwitterions may exist in solution, which can account for the multiple observed species. The relatively higher intensities of the additional resonances for 4b versus 3 is consistent with the absence from 3 of the monodentate Nle ligand and free zwitterionic norleucine that are present in 4b.
Electrochemistry. Having established with SAXS and CD spectroscopy the solution stability of the reduced hybrid Gly and Nle POMs in certain media, voltammetric and coulometric studies were undertaken to determine the degree of reduction and explore the possibility of interconverting between the oxidized and reduced analogues. Electrochemical studies of the {Mo V 2}-containing reduced Nle-containing species 4a−c and 5 were performed in DMSO (0.05 M Bu4NPF6), due to the strong adsorption of the complexes on the electrode surface in aqueous media ( Figure 6 and Figure S25 and S26 in the Supporting Information). Small-angle X-ray scattering suggests that oxidized analogue 3 is unstable in DMSO, which prevents comparison of electrochemical data. Transient cyclic voltammograms for all the chemically reduced analogues 4a−c and 5 show an irreversible oxidative process at all the scan rates (0.05−1 V s − 1 ) studied, with a peak potential, Ep, of around −0.19 V at a scan rate, ν, of 100 mV s − 1 . All compounds exhibit at least two irreversible reductive processes at potentials more negative than −0.5 V, which could be assigned to the reduction of the W or Mo centers. Details of these reduction processes are not discussed here, as they are beyond the focus of this study. The near steadystate mass transport limiting currents associated with the oxidative process for compounds 4a−c are similar after the concentrations are taken into account, suggesting similar degrees of reduction. In addition, the limiting current of the oxidative process is less than half of that of the first reductive process. After exhaustive oxidative electrolysis of 4b,c at −0.01 V, the solution changed from dark blue to colorless, and no oxidation process was observed in both cyclic and RDE voltammograms, confirming complete oxidation of all Mo V to Mo VI . The charge consumed during the oxidative electrolysis is consistent with oxidation by 1.8(2) electrons per polyanion for both compounds. The voltammograms obtained after electrolysis do not exhibit a reductive process at a potential similar to the oxidative process in the parent compound, indicating that it is not possible to electrochemi-cally interconvert between {Mo Compounds. Crystallographic data (see above) for all characterized compounds indicate a very marked preference for the location of Mo atoms in the central tri-or tetrametallic core, over all other structural sites (Table S6 and Figure S2 in the Supporting Information). Calculations are consistent with this observation, with total binding energy values for the pair of positional isomers {Mo3}W44 and the hypothetical {W3}Mo3W41 confirming that the former is the most stable by 14.7 kcal mol −1 (Table S6) . Thus, on average, each Mo center in a core site is ca. 5 kcal mol −1 more stable than that in a "non-core"
site. The origin for this trend is unclear, although it is likely related to subtle diff erences in the radii of Mo V/VI and W V/VI versus the size of the internal metal− oxo core defined by the external POM framework.
The preference for localization of the Mo atoms in the central core above all other sites is very clear. However, all of the crystallographically characterized compounds described above also possess between 0.5 and 2.5 additional Mo atoms disordered with W atoms in the external non-core POM framework, with a further preference for localization of Mo in the {Y4M8L8} "ring" and {AsM9} "triad" sites over the {AsM9} "belt" ( Figure S2 in the Supporting Information). Several diff erent positional isomers of the {Mo3}MoxW44−x (x = 0−3) series were calculated to explore this aspect, with the Mo atoms occupying diff erent sites. The calculated binding energies and interatomic parameters are reported in Tables S12 and S3 in the Supporting Information, respectively. In general, all of the optimized {Mo3}MoxW44−x structures exhibit longer intera-tomic distances and wider bond angles than are apparent from the single-crystal structural data for homologous 3w (Table S7 in the Supporting Information), with the exception of the terminal M O distance. This fact suggests that the optimized geometry is naturally expanded with respect to the crystal structure. This is a wellknown tendency in solution, which is the approach taken to compute the optimized structures via a continuum solvent model. Another source of discrepancy between the crystallographic and computed structures is that the experimental interatomic distances of the internal square core are averaged over the four sites, including the vacancy. It is worth mentioning that the computed M−O(−M) distances show a wide range of values, reminiscent of the Mo−O−Mo alternating bond length feature characteristic of polyoxomolyb-dates, 94 which are not apparent in the crystallographic data due to the eff ect of averaging over the equivalent sites.
The frontier orbital energies of the {Mo3}MoxW44−x series and the diff erence in total binding energy between the positional isomers with the same x value are presented in Figure 8 , along with frontier orbital energies for two members of the hypothetical {W3}MoxW44−x series, for comparison. For x = 1, the form with the external Mo located in a {AsM9} triad is 3.8 kcal mol −1 more stable than that with Mo in the {Y4M8L8} ring. For x = 2, {Mo3}Mo(ring)Mo(triad)W42 is 5 kcal mol −1 more stable than Mo(ring)2W42. For the hypothetical 2e-reduced forms of {Mo3}MoxW44−x with x = 1, 2 we compute E = 2.1 and 0.073 kcal mol −1 , respectively. This latter trend is consistent with the lowest unoccupied molecular orbitals (LUMOs) of the least stable oxidized forms. For x = 3, {Mo3}Mo2(ring)Mo(triad)W41 is estimated to be 6.0 kcal mol −1 less stable than {Mo3}Mo(ring)Mo2(triad)W41. Thus, for all {Mo3}MoxW44−x compounds with x > 0, the external Mo centers exhibit a thermodynamic preference for the triad positions of {AsM9} over the {Y4M8L8} ring positions in all cases calculated. However, this contrasts with the crystallographic analysis, namely the higher Mo occupancy of ring positions in comparison with triad positions, a fact likely ascribed to kinetic rather than thermodynamic control during synthesis and crystallization.
In Figure 8 , the fully oxidized {Mo3}MoxW44−x and {W3} MoxW44−x compounds (charge q = −20) feature highest occupied molecular orbitals (HOMOs) at a constant energy of −6.0 eV, irrespective of the composition of the external MoxW44−x framework. That is, the number of Mo centers in the external framework does not aff ect the energies of the HOMOs. The LUMOs feature a slow tendency to stabilize as the composition of the external "non-core" framework of {Mo3} MoxW44−x becomes richer in Mo (x varying from 0 to 3), which is also apparent for the two hypothetical {W3}MoxW44−x species (x = 0, 3). This trend follows the evidence reported for other mixed-metal POMs, for which LUMO energies typically decrease (concomitantly increasing the oxidizing power) as the Mo/W ratio increases. 95 Taking {Mo3}W44 as a reference, the LUMO at −3.7 eV is fully localized on the internal Mo-based trinuclear core ( Figure S27 in the Supporting Information). Increasing the number of non-core Mo centers in {Mo3}MoxW44−x changes the nature of the lowest energy metal-based orbitals. As the LUMO associated with {Mo3} is rather high in energy, the presence of noncore Mo atoms can vary the localization of the LUMO. Calculations suggest this is the case for {Mo3}Mo(triad)W43 and {Mo3} Mo(ring)Mo(triad)2W41 (Figure S27 ), for which the LUMOs are located on Mo centers in the peripheral {AsM9} units of the POM framework. This is not the case for the {Mo3}Mo(ring) W43 or {Mo3}Mo2W42 systems, for which the LUMO remains localized on the trinuclear core.
Comparison of {Mo3} and {MoyW4−y} Cores. In this work, we have modeled the hybrid POM structures containing a trimetallic {Mo3} core, which are compared with analogous calculations recently communicated by some of us for analogues with tetrametallic {MoyW4−y} cores. 54 Recalling these theoretical results, we observe that the number of core Mo atoms (y) strongly aff ects the electronic affinity and reducibility of the POM. From {W4} to {Mo4}, the absolute energies of the LUMOs gradually decrease in energy by 0.7 eV in total ( Figure 9 ). Thus, we concluded that the {Mo4} and species is likely also accessible. On the other hand, the calculations indicate that species with {MoyW4−y} (y < 2) cores are considerably more difficult to reduce and we have no experimental evidence for the formation of these analogues. It must be noted that, for all {MoyW4−y}MoxW44−x species, the Mo/W composition of the noncore POM framework does not aff ect the redox state of the POM or its ease of reduction. This is due to the comparatively high energy of the first empty orbital that is localized on the noncore part of the POM framework. These theoretical results are in good agreement with the present experimental findings regarding the facility of reduction of the analogues with a tetrametallic core. Table S8 in the Supporting Information). The LUMO and HOMO are found at −3.71 and −6.02 eV for {Mo3}W44, whereas the values are −3.49 and −6.00 eV for {W3}W44 (Figure 9 ). For {Mo3}W44 the LUMO and LUMO+1 are localized on the internal trinuclear core (Figure 10 ), at variance with hypothetical compounds based on the {W3} internal moiety (see LUMO and LUMO+1 in Figure S28 in the Supporting Information, left). In the {MoyW4−y}W44 systems, with the tetranuclear core (q = −16), the homologous orbitals are found at −4.26/−6.30 eV for {W4}W44, at −4.82/−6.30 eV for {Mo3W}W44, and at −4.96/−6.30 eV for {Mo4}W44. In all cases, the HOMO is located on the {AsO3} heteroatomic groups of the peripheral lacunary Keggin moieties and the LUMO is localized on the internal metal−oxo square core. From {MoyW4−y}W44 to {Mo3}W44, the energy change in the HOMO is minor (0.27 eV), whereas the LUMO of {Mo3}W44 is 1.25 eV higher than that of {W4}W44, which is the highest of all species with a tetranuclear core. The change in the HOMO energy arises mainly from the molecular charge variation, and it is modest due to the relatively high nuclearity of the system, which largely dissipates the charge eff ect. On the other hand, removal of one metal center from the central square core has dramatic consequences on the LUMOs, which are localized on the core as well. Accepting that the pure charge eff ect applies similarly to the occupied and unoccupied orbitals, the larger energy change for the unoccupied orbitals must originate from the eff ect of the "broken" or incomplete internal loop, because of the missing {MO} 4+ unit. Thus, the extra stability of the associated LUMOs conferred by the closed {MoyW4−y} metal− oxo loop is absent for the {Mo3}MoxW44−x series with the trinuclear core. A similar stabilizing eff ect of closed metal−oxo rings has been previously reported by some of us for other POMs. 96 The main eff ect of loop opening is a large increase in energy for the MOs localized on the internal core, which includes the orbitals that will accept electrons upon reduction. These theoretical results explain why the {Mo3}MoxW44−x family is intrinsically more difficult to reduce (i.e. accommodate metal-based electrons) than any {MoyW4−y}MoxW44−x ana-logue. This is consistent with the experimental observation that the compounds with the trinuclear {Mo3} core are invariably obtained in the oxidized hexavalent 
■ CONCLUDING REMARKS
A comprehensive investigation of a family of heterometallic POMs with amino acid ligands indicates a robust POM framework that is readily modified in terms of the nuclearity of the metal−oxo core, the metal composition, the redox state and the amino acid ligands. In the absence of visible light or a chemical reductant, the reaction product is the fully oxidized homovalent Mo VI /W VI -containing hybrid POM with a trinuclear {Mo VI 3} core, while light-induced or chemical reduction aff ords species with a tetrametallic core, with varying proportions of an overall 2e-reduced species with a {Mo V 2M VI 2} core (M = Mo, W) mixed with the oxidized hexavalent analogue. The reduced compounds exhibit the dark blue color characteristic of classical "heteropoly blues" and are diamagnetic with the two additional electrons strongly antiferromagnetically coupled. These reduced compounds are air stable in the solid state. They can be oxidized in solution, aff ording analogues that are unstable and cannot be reduced back to the original complex. This behavior is reminiscent of the Mo-blue giant wheels, the fully oxidized Mo VI analogues of which are not accessible. In contrast to the analogues with a tetrametallic core, those with a trimetallic {M3} core are not readily reduced. This is consistent with DFT calculations that indicate that the LUMO is much higher in energy for hexavalent analogues with the {M3} versus {M4} core. For complexes with the tetrametallic core, the {M4} closed loop confers extra stability on the LUMO associated with this moiety, resulting in facile 2e reduction and accommodation of the two electrons in this MO. This reduction is so facile that a fully oxidized analogue with a hexavalent tetrametallic core cannot be isolated. In contrast, the {M3} open loop aff ords much higher energies for the LUMO and LUMO+1, with no reduction process evident for complexes with the trimetallic core. This observation is analogous to linear and ring-conjugated π systems, where the orbital energies of the π system are lower in rings: i.e., aromatic molecules. Preferential Mo substitution for the diff erent Mo/W POM sites is also clearly evident, with the central core significantly more favored for Mo than any of the other POM positions. This is the site of 2e reduction and is consistent with the more facile reduction of the 5d transition metal Mo versus its 6d congener W.
While SAXS studies are consistent with maintenance of the metal−oxo POM framework in solution under defined conditions, determining whether the amino acid ligands remain coordinated in solution was also of interest at the outset of this study. Circular dichroism experiments indicate that the α-amino acid ligands remain associatedwith the POM framework in solution but undergo exchange with free α-amino acid molecules. This exchange is fast on the 1 H NMR time scale. Amino acid ligand exchange has been definitively demonstrated by the synthesis of a glycine-containing hybrid POM directly from a norleucinecontaining analogue. In contrast, the amino acid ligands do not appear to undergo rapid exchange with water or DMSO. In general, concentrated solutions of the hybrid POMs retain their structure in aqueous solution within a defined pH range (POM to proton concentration ratio) on the time scale of days. The stability is greater in the presence of excess α-amino acid, and generally the reduced species are more stable than the oxidized. After 1 week in solution (no excess of amino acid), electronic absorption, CD, and SAXS studies indicate decomposition of the POM; SAXS suggests that this is decomposition to a smaller POM and not to simple mono-oxanions. In contrast, in the presence of excess amino acid, SAXS shows some evidence of aggregation after 1 week in some cases, corresponding to the formation of the well-known POM "blackberries" or "vesicles", which is a subject of ongoing investigation.
Finally, despite the accessibility of stable 2e-reduced analogues, this structural family of hybrid POMs is not promising for redox catalysis because the system is not amenable to reversible interconversions between the oxidized and reduced forms. However, in principle, similar POMs with accessible photoreduced forms that can be readily cycled between oxidized and reduced states may prove important for efficient photoreduction catalysis because they do not require an additional photosensitizer as cocatalyst. This work highlights the potential of mixed-metal hybrid POMs in this regard and reveals the importance of several key structural features in stabilizing the reduced analogues. Clearly useful are neutral zwitterionic amino acids rather than anionic carboxylate ligands, which serve to minimize the overall negative charge of the hybrid POM and thereby facilitate reduction. Also potentially valuable are "closed metal−oxo loops" of Mo centers that are preferentially reduced and can act as electron reservoirs in mixed-metal molybdotungstates. The challenge remains to synthesize hybrid POMs that strike the right balance between these structural features to aff ord stability to both oxidized and reduced partners but also allow facile interconversion between them.
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